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ABSTRACT 
 
In this study, the physico-chemical properties of high performance polyurethane 
synthesized from poly propylene glycol (PPG) in comparison with a combination of 
PPG and castor oil, is studied using the in-situ polymerization technique. The variations 
in properties of both types of polyurethanes are evaluated by Fourier transform infrared 
spectroscopy (FTIR), scanning electron microscopy (SEM), X-ray diffraction (XRD) 
and the thermogravimetric analysis (TGA) technique. Tensile strength properties were 
investigated by film tensile testing equipment. The results indicated the presence of 
large -CH stretching in the castor oil mixed polyurethane with a larger oxidative thermal 
stability over pure PPG polyurethanes. The tensile properties were found to be almost 
comparable in pure and mixed polymers, signifying the usage of mixed polymers in the 
future to overcome the environmental and economic crisis in polyurethane synthesis. 
 
Keywords: Castor oil, in-situ polymerization, polyurethanes, vegetable oil, synthesis, 
poly propylene glycol. 
 
INTRODUCTION 
 
Polyurethanes (PUs) have been used extensively due to their excellent physical 
properties (e.g., low flexibility, high tensile strength, tear and abrasion resistance, 
solvent resistance, etc.) and high versatility in chemical structure [1, 2]. PU is generally 
synthesized from an isocyanate reaction with polyol. Polypropylene glycol (PPG) is a 
polyol basically derived from the petrochemical industry [3]. Due to the high rising 
costs of petrochemical feedstock and the enhanced public desire for environmentally 
friendly green products, research into the utilization of renewable resources to 
manufacture rigid PU is necessary at the present time [4, 5].  
 PU based on polyols is derived from different vegetable oils, like castor [6-8], 
sunflower and rapeseed oils [9]. Castor oil is one of the major natural vegetable oils that 
contain a hydroxyl group and so it is widely used in many chemical industries, 
especially in the production of PUs [10, 11]. The synthesis of PU nanocomposites is 
prepared from natural oil, like castor oil, using HMDI and organically modified clay 
and covalently linked PU/n-HMDI composite, which is later collected successfully by 
the electro spinning process [6]. The study of the preparation from castor oil exhibited 
increasing diisocyanate groups in relation to the polyol amount and increased the 
strength at rupture of the obtained polymers and decreased polymer elongation, 
resulting in an increasing modulus [12]. A series of 1,4-butane diol chain extended PU 
nanocomposites based on castor oil, and 4,40-diphenylmethane diisocyanate (MDI) 
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were synthesized with modified clay (Cloisite 30B) as the filler [13]. In this study pure 
PU and PUs based on castor oil were synthesized. Then, a comparative study of the 
behavioral changes in the physico-chemical properties of the PU made from a mixture 
of polyols consisting of PPG and dehydrated castor oil (15%) via in-situ polymerization 
was conducted. 
 
EXPERIMENTAL SET-UP 
Materials 
 
Commercial grade castor oil was purchased from the local market. It was dehydrated at 
80 ºC in a vacuum oven and characterized for hydroxyl value (148), acid value (2) and 
moisture content (0.379%). PPG (Mn=4000) was supplied by SIGMA- Aldrich 
Company. The chain extender, 1, 4-butane diol, was procured from Himedia, India. The 
toluene diisocyanate (TDI), used as received, was supplied by SIGMA- Aldrich 
Company. The catalyst used in this research is DABCO-33LV, a mixture of 
triethylenediamine and di (propylene glycol) supplied by Air Products and Chemicals 
(United Kingdom). 
 
Synthesis Mechanism 
 
Synthesis Mechanism of Pure PUs 
The synthesis mechanism of pure PUs using a pre-polymer technique as shown in 
Figure 1, comprises two main steps. First, PPG is reacted with diisocyanate, then 
vacuum de-gassed for 5 minutes with high speed stirring for 25 minutes at 75 ºC to 
achieve a homogeneous mixture and generate a pre-polymer with final isocyanate 
groups (in this case, polyunsaturated and amorphous). Second, the pre-polymer is 
reacted with a chain extender [14] in the presence of a DACO catalyst at high speed 
stirring for 1 minute at 75 ºC to produce viscous PU (in this case, saturated and 
crystallized). 
 
 
 
Figure 1. Schematic representation of the pure PU synthesis mechanism using the pre-
polymer technique. 
 
Synthesis Mechanism of Castor-oil-based PUs 
The synthesis mechanism of neat COPUs using the pre-polymer technique shown in 
Figure 2 comprises two main steps; first, the dehydrated castor oil (15%) is mixed with 
the already dehydrated PPG, and second, a polyol mixture of PPG + 15% castor oil is 
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reacted with diisocyanate, which was vacuum degassed for 5 minutes with high speed 
stirring for 25 minute at 75 ºC prior to mixing to achieve a homogeneous mixture and 
generate a castor-oil-based pre-polymer with final isocyanate groups, followed by 
reaction with a chain extender [14] in the presence of a catalyst at high speed stirring for 
1 minute at 75 ºC to produce viscous COPUs (in this case, saturated and crystallized). 
 
 
 
Figure 2: Schematic representation of the synthesis mechanism of neat COPUs using the 
pre-polymer technique. 
 
Characterization Technique 
 
Fourier transform infrared spectroscopy (FTIR) analysis of PUs was undertaken using a 
Vector-22 FT-IR spectrometer (Nicolet 5DX FT-IR) with a resolution of 1 cm
-1
 from 
4000 to 400 cm
-1
. PU thermal stability (thermogravimetric analysis (TGA)) was tested 
using a Universal V4.5A, TA instrument under a nitrogen atmosphere. The crystal 
structure of the pure PUs and COPUs was analyzed by X-ray diffraction (XRD), using 
an X-ray diffractometer (Rigaku Mini Flex II, Japan) employing a graphite 
monochromator and CuKα radiation (l nm). Scanning electron microscopy (SEM) was 
carried out on a JEOL 6300F machine at an acceleration voltage of 5KV. Tensile testing 
of the nanocomposite film was carried out on an instron model 4505 universal testing 
machine at 25ºC, with a load cell of 5 KN and following ASTM D 638. The crosshead 
speed was set to 2 mm/min. Samples were cut in a dumbbell shape with an ASTM D 
638 (type V). 
 
RESULTS AND DISCUSSION 
 
FTIR Analysis 
 
The micro-domain structures of the pure PU and castor oil based PU were analyzed by 
FTIR as shown in Figure 3. A small broad band in the range 4000–3500 cm-1 was 
observed in both samples relating to the O-H stretching vibrations from either water or 
hydroxyl terminated compounds, and N-H stretching vibrations from either urea or the 
amine group [15, 16]. The CH–CH3 peak stretchings are more prominent in the castor 
oil based PU, then the pure PU which may be due to 
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Figure 3. Comparative FTIR spectra for PU (pure PPG & PPG and castor oil) 
the larger organic chains present in castor-oil-based PU. Peaks at 1727 cm
-1
 represent 
(C=O) non-bonded urethanes [13], which are likely to be present in larger numbers, in 
the castor-oil-based PU synthesis. 
 
TGA Analysis 
 
The result of the TGA (Figure 4) shows the thermal stability of pure PU and castor-oil-
based PU under identical conditions and a comparison of the weight losses that 
occurred. The thermal stability of these polymers generally starts above 200 °C [17]. It 
can be seen from Figure 2 that the onset decomposition temperature starts from 250 °C 
and 235 °C for pure PU and castor-oil-based PU, respectively. At 400 °C almost 85% of 
the pure PU decomposed while the castor-oil-based PUs showed less than 80% 
decomposition, which may be due to the different polyol conditions when PPG is mixed 
with castor oil which, in turn, may be due to the presence of low hydroxyl content 
polyols in the formulation which improved the thermal resistance of the castor-oil-based 
PU samples. The overall thermal stability of the PUs showed a slight decreasing trend 
as the rigid segments content increased, which is similar to the findings in [17] in which 
it was concluded that PU based on vegetable oils has a better oxidative thermal stability 
than PU based on PPG [18]. 
 
 
 
 Figure 4. Comparative TGA graph for PU (pure PPG & PPG and castor oil). 
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XRD of PU Studies 
 
The XRD patterns of pure PU and COPU are presented in Figure 5. The pure PU X-ray 
patterns display the presence of two peaks at 2θ = 20.03 (d ang = 4.430 ˚A) and 2θ = 
28.77 (d ang = 3.10 ˚A) due to the presence of PPG crystals in the soft segments [19]. 
Meanwhile, pure COPU presence is demonstrated by one peak at 2θ = 20.42 (d ang 
=4.345) due to the difference in the chemical structure of the soft segment condition, 
such as the presence of mono-glyceride and di-glyceride [20]. Moreover, in addition to 
the diisocyanate in the castor oil based PUs, the reaction to form the urethane linkage 
between the diisocyanate and hydroxyl groups proceeds. This information is presented 
in Figure 5 and Table 1. 
 
 
 
Figure 5. Comparative XRD graphs for the PUs (pure PPG and PPG and castor oil). 
 
Table 1. XRD data for the pure PUs and COPUs 
  
Samples  d001 [Å]  2𝜃 [o]  
Pure PUs 
4.52 20.03 
4.35 28.77 
COPUs 4.38 20.59 
 
SEM 
 
In pure PU, during the polymerization reaction, isocyanates reacted with the polyol 
gelation, resulting in the formation of the PU cell wall, as shown in Figure 6a. When 
castor oil is mixed with PPG as a polyol, the cell wall formation is slower and larger 
cells form due to the low reactivity of castor oil [3]. The controlled cell formation is 
exhibited by the addition of castor oil in the PPG glycol, as shown in Figure 6b. Due to 
the difference in the chemical structure of the soft and hard segments, microphase 
separation takes place easily, arising from the incompatibility in the PU [21]. Cells that 
are formed can be controlled with the addition of PPG. The addition of PPG to extend 
the hard segment is undertaken so that the cell wall is stronger and the formed cell 
becomes smaller as compared to the COPU cells. 
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Figure 6. SEM for PUs (a) without, and (b) with castor oil. 
 
Tensile and Mechanical Properties 
 
Tensile testing was conducted using a tensile universal testing machine. Figures 7 and 8 
show the stress–strain and tensile strength curves, respectively, and the effect of castor 
oil content. An increase in elongation at the break was observed, while the tensile 
strength was found to decrease in comparison with pure PUs. COPUs showed an 
improvement of ~21% in elongation at the break (Figure 7) while its tensile strength 
decreased to ~35% (Figure 8) when calculated in the comparative stress–strain study of 
pure PUs and COPUs with 15 wt% of castor oil. The improved elongation at break of 
the COPUs may be due to the presence of CH-CH3 peak stretching that is more 
prominent in the COPUs then pure PUs. This may be due to the higher double bonds 
and bigger organic chains present in the COPUs [22]. The results show an increase in 
the hard segments due to the increase in hydrogen bonding, resulting in more ordered 
pure PU molecules. The presence of mono-glyceride in castor oil helps control such a 
reaction due to the low reactivity of the secondary hydroxyl group present in the fatty 
acid chains [23]. 
 
 
 
Figure 7. Stress–strain curves for pure COPUs and Pus. 
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Figure 8. Tensile strength of pure PUs and COPUs with 0 and 15 wt% of castor oil. 
 
CONCLUSIONS 
 
The results depicted the enhanced physico-chemical properties of the castor-oil-mixed 
PUs, over pure PPG originated PUs. The presence of larger organic chains in the castor-
oil-mixed PUs resulted in a larger oxidative thermal stability over pure PPG PUs. A 
slower cell formation was also observed in mixed PUs, exhibiting a controlled 
synthesis. Further studies will be undertaken to enhance the mechanical properties by 
applying nanofillers. With regard to the mechanical properties, an increase in elongation 
at break was observed, while the tensile strength was found to decrease in comparison 
with pure PUs. COPUs showed an improvement of ~21% in elongation at break while, 
the tensile strength decreased to ~35% when calculated in the comparative stress–strain 
study of pure PU and COPU. 
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